The DnaK chaperone system, consisting of DnaK, DnaJ, and GrpE, remodels and refolds proteins during both normal growth and stress conditions. CbpA, one of several DnaJ analogs in Escherichia coli, is known to function as a multicopy suppressor for dnaJ mutations and to bind nonspecifically to DNA and preferentially to curved DNA. We found that CbpA functions as a DnaJlike co-chaperone in vitro. CbpA acted in an ATP-dependent reaction with DnaK and GrpE to remodel inactive dimers of plasmid P1 RepA into monomers active in P1 DNA binding. Additionally, CbpA participated with DnaK in an ATP-dependent reaction to prevent aggregation of denatured rhodanese. The cbpA gene is in an operon with an open reading frame, yccD, which encodes a protein that has some homology to DafA of Thermus thermophilus. DafA is a protein required for the assembly of ring-like particles that contain trimers each of T. thermophilus DnaK, DnaJ, and DafA. The E. coli YccD was isolated because of its potential functional relationship to CbpA. Purified YccD specifically inhibited both the co-chaperone activity and the DNA binding activity of CbpA, suggesting that YccD modulates the activity of CbpA. We named the product of the yccD gene CbpM for "CbpA modulator."
teractions with exposed hydrophobic regions (1, (3) (4) (5) . DnaJ stimulates hydrolysis of ATP bound to DnaK, forming the ADPbound state of DnaK, which stabilizes the DnaK-substrate interaction. GrpE, another DnaK co-chaperone, binds to the ATPase domain of DnaK and induces nucleotide exchange. Conformational changes in DnaK accompanying ADP/ATP exchange force the release of the substrate and DnaJ. When released from DnaK, the substrate is likely in a partially unfolded conformation and either refolds spontaneously or is rebound by chaperones.
During non-stress conditions, DnaK acts on specific native proteins, including P1 RepA and 32 (6, 7) . We suggested a model for the mechanism of native protein remodeling by the DnaK chaperone system in which native substrates are bound by DnaJ through exposed high affinity DnaJ binding sites (8) . DnaJ then targets the substrate for recognition by DnaK through interactions between DnaJ and DnaK. Once bound, the mechanism of remodeling by DnaK is similar with native proteins as with denatured proteins.
In addition to DnaK, E. coli possesses two other Hsp70 homologs and five other DnaJ-like proteins. One of the DnaJ homologs is CbpA. It was originally isolated based on its ability to bind curved DNA (curved DNA-binding protein) (9) . CbpA is one of the major nucleoid-associated proteins of E. coli, and it binds DNA nonspecifically, although it has higher affinity for curved DNA than for non-curved DNA (9, 10) . CbpA is poorly expressed during the exponential phase of growth, but is upregulated in late stationary-phase growth, during phosphate starvation, and by growth at low pH (11, 12) . In late stationaryphase cells, there are an estimated 15,000 copies of the protein per cell or roughly one CbpA molecule per 640 bp of DNA (13) . The amino acid sequence of CbpA is 39% identical to that of DnaJ, except it lacks the 69-amino acid cysteine-rich zinc finger domain of DnaJ. Under some in vivo conditions, CbpA is a functional homolog of DnaJ (14) . When CbpA is expressed from a multicopy plasmid, it suppresses the phenotypes of a dnaJ deletion strain by restoring growth at high temperature and allowing mini-F and phage to grow (9) . A cbpA deletion mutant exhibits no apparent growth phenotypes; however, a cbpA,dnaJ double deletion strain is unable to grow below 16°C or above 37°C, a phenotype resembling that of dnaK deletion strains (14) . The double deletion strain is also defective in cell division and exhibits significantly reduced viability during carbon starvation (14) .
In light of the sequence homology and in vivo functional overlap between CbpA and DnaJ, it seemed likely that CbpA, like DnaJ, could function as a DnaK co-chaperone in vitro. The current study was undertaken to examine this possibility, and the results demonstrate that CbpA possesses DnaJ-like activity in vitro. However, CbpA differs from DnaJ in some aspects. For example, it lacks autonomous chaperone activity. During the course of the study, we discovered that there is an open reading frame, yccD, located downstream of cbpA within the same operon. The protein encoded by yccD, which shares some homology to DafA of Thermus thermophilus, was isolated and found to interact with CbpA. The consequence of this interaction was the inhibition of both the DnaJ-like co-chaperone activity and the DNA binding activity of CbpA. Based on these results, the product of the yccD gene has been named CbpM, for "CbpA modulator." Together CbpA and CbpM are capable of activating and modulating the activity of the DnaK chaperone system, respectively.
EXPERIMENTAL PROCEDURES
Plasmids and Strains-To construct the CbpM expressing plasmid, pETcbpM, a cbpM PCR fragment from E. coli strain DH5␣ was digested with NdeI and BamHI and ligated into pET24b (Novagen). The gene sequence was verified by DNA sequencing.
Plasmid pCU60 (14) was used for the overexpression of CbpA (gift from Drs. Ueguchi and Mizuno, Nagoya University, Nagoya, Japan). Plasmid pS15-12 (15) was the gift of Drs. Yamada, Muramatsu, and Mizuno, Nagoya University.
Proteins and DNA-CbpM was isolated from BL21 cells harboring pETcbpM. The cells were grown at 37°C to an A 600 of 0.4 and were then induced for 2 h with 1 mM isopropyl-␤-D-thiogalactopyranoside. Cells were harvested, suspended in Buffer A (10% glycerol (v/v), 1 mM EDTA, 20 mM Tris-HCl, pH 7.5, and 1 mM DTT) 1 containing 100 mM NaCl, and lysed in a French pressure cell. All steps were carried out at 4°C. The lysate was centrifuged (20,000 ϫ g, 45 min), and the pellet was suspended in 15 ml of Buffer A containing 6 M urea. The solution was frozen, thawed, and then centrifuged (20,000 ϫ g, 45 min). The supernatant was dialyzed against Buffer A. The sample was applied to a Q-Sepharose column (Amersham Biosciences) equilibrated with the same buffer and proteins were eluted with a NaCl gradient (0 -0.5 M NaCl in Buffer A). Fractions containing CbpM, as determined by SDS-PAGE, were pooled, applied to a Sephacryl-S100 gel filtration column, and eluted with Buffer A containing 0.5 M NaCl. Fractions containing CbpM were stored at Ϫ70°C. The identity of the protein was confirmed by amino acid sequencing.
CbpA (9) , RepA (16), DnaJ (17), DnaK (18) , and GrpE (18) were isolated as described previously. HU was a gift from K. Mizuuchi (National Institutes of Health), and H-NS was from D. Jin (National Institutes of Health). All proteins were greater than 95% pure as determined by SDS-PAGE, and protein concentrations are expressed as molar amounts of RepA dimers, DnaK monomers, GrpE dimers, DnaJ dimers, CbpA dimers, and CbpM monomers.
Radiolabeled RepA, CbpA, and CbpM were 3 H-labeled in vitro using succinimidyl propionate, N-(propionate-2,3-3 H) (19) . DNA containing the origin of replication of mini-P1 was 3 H-labeled (2720 cpm/fmol) in vitro as described (6) .
Amino acid sequencing was performed by Commonwealth Biotechnologies, Inc. (Richmond, VA).
DNA Binding Assay-Reaction mixtures (20 l) contained Buffer B (20 mM Tris-HCl, pH 7.5, 1 mM DTT, 0.1 mM EDTA, and 10% glycerol (v/v)), 100 mM KCl, 10 mM MgOAc, 0.005% Triton X-100 (v/v), 50 g/ml bovine serum albumin, 13 fmol of [ 3 H]oriP1 plasmid DNA, and CbpA as indicated. CbpM and other DNA-binding proteins were added in amounts indicated in the legend to Fig. 5 . The mixtures were incubated for 10 min at 24°C and filtered through nitrocellulose filters, and the retained radioactivity was measured.
Chaperone Assays-To measure activation of RepA, reaction mixtures (20 l) contained Buffer B, 1 mM ATP, 100 mM KCl, 5 mM MgOAc, 50 g/ml bovine serum albumin, 0.005% Triton X-100 (v/v), 4 nM RepA, 7.6 nM of DnaJ or 4 nM CbpA, 430 nM DnaK, and 114 nM GrpE, unless indicated otherwise. The reaction mixtures were incubated for 10 min at 24°C, then 13 fmol of [ 3 H]oriP1 DNA and 1 g of calf thymus DNA were added. The resulting mixtures were incubated 5 min at 0°C, filtered through nitrocellulose filters, and the retained radioactivity was measured.
To quantify rhodanese aggregation, rhodanese (40 M) was denatured in 5.5 M guanidine HCl, 50 mM Tris-HCl, pH 7.5, and 20 mM DTT for 30 min at 24°C. To measure autonomous chaperone activity, denatured rhodanese was diluted 100-fold in reaction mixtures (200 l) containing 20 mM Tris-HCl, pH 7.5, 50 mM KCl, and 0.6 M CbpA or 0.6 M DnaJ. Synergistic co-chaperone activity was measured by diluting Western Blot Analysis-Protein samples were subjected to SDS-PAGE and transferred onto nitrocellulose membranes (Invitrogen) by electroblotting. CbpA, CbpM, and S were detected with specific rabbit antiserums using a Western blot immunodectection kit (Novex Western Breeze, Invitrogen). There was no detectable cross-reactivity between the CbpA and CbpM antiserums (data not shown).
RESULTS
The cbpA and yccD Operon-In the E. coli genome, cbpA is in an operon with an open reading frame, yccD, encoding the 11.4 kDa protein, YccD, that we have named CbpM. The cbpA reading frame overlaps cbpM by one base pair, and there does not appear to be a separate promoter for cbpM. Blastp queries of the public protein data bases identified CbpM homologs in a diverse group of bacteria, including Shigella flexneri, Pseudomonas fluorescens, Coxiella burnetii, Streptomyces avermitilis, and Geobacter sulfurreducens. In each of these organisms, the cbpM homolog exists in an operon with cbpA or dnaJ and is located downstream of the dnaJ-like gene. Furthermore, the reading frame overlap between cbpA and cbpM is conserved in several of these organisms.
Further data base queries using Fasta revealed that CbpM has amino acid sequence similarity to DafA (DnaK assembly factor) of T. thermophilus. The similarity between these proteins was also detected by Psi Blast in the second iteration. The gene encoding DafA Tth exists in an operon with several other genes coding for chaperones and is downstream of dnaJ Tth (20) . In vitro, DafA mediates the assembly of DnaK, DnaJ, and DafA into ring-like structures composed of a trimer each of DnaK Tth , DnaJ Tth , and DafA Tth (20) . Reinstein and colleagues (21) proposed that DafA Tth maintains the assembled chaperone system in a resting state during normal growth and prevents DnaK Tth from acting on inappropriate substrates by competing with proteins with low affinity for DnaK Tth . They suggested that during heat shock unfolded substrates displace DafA Tth from DnaK Tth and activate the chaperone function of DnaK Tth . More recently Yoshida and colleagues (22) have suggested an alternative mechanism in which DafA Tth is a thermosensor and the DnaK Tth chaperone system is activated by heat inactivation of DafA Tth .
The consistent presence of cbpM and its homologs in operons also encoding DnaJ-like proteins suggested that the expression of these proteins might be linked. Expression of cbpA is induced in a S -dependent manner in E. coli as the bacterium enters 1 The abbreviation used is: DTT, dithiothreitol.
FIG. 1.
CbpM, like CbpA, accumulates in late stationary phase. An overnight culture of MC4100 was diluted 1:500 and grown at 37°C. At the indicated points during growth, samples were trichloroacetic acid-precipitated. The samples, containing equal amounts of cellular protein, were subjected to SDS-PAGE. CbpA (A), CbpM (B), and S (C) were detected by Western blot analysis as described under ''Experimental Procedures'' using CbpA, CbpM, and S antisera.
stationary-phase growth (11) . To determine whether cellular levels of CbpM followed the same pattern of expression as CbpA, samples were taken from bacterial cultures in progressing growth phases. Western immunoblotting was used to detect intracellular levels of CbpA and CbpM throughout the growth cycle. The levels of both CbpA and CbpM were low during exponential-phase growth but increased dramatically during late stationary-phase growth (Fig. 1, A and B) . As a control, S levels were also monitored by immunoblotting. As with CbpA and CbpM, S levels were low during exponential-phase growth and increased as cells entered stationary-phase growth (Fig.  1C) . However, CbpA and CbpM accumulate later in stationary phase than S . Taken together with the genetic organization of the operon, these data suggest that CbpM is co-expressed with CbpA.
CbpA Has DnaJ-like Co-chaperone Activity in Vitro, and CbpM Inhibits Its Activity-We purified CbpA and tested it for co-chaperone activity in vitro using the DnaK-dependent P1 RepA activation assay. DnaK, in a reaction requiring DnaJ and ATP, mediates the conversion of inactive RepA dimers to active monomers, which bind oriP1 DNA with high affinity (6) (8) . In conditions where spontaneous nucleotide exchange is slow, GrpE is also required for RepA activation (18) . When CbpA was incubated with DnaK, GrpE, and RepA, RepA was activated (Fig. 2B) . Activation was similar to that mediated by DnaJ, DnaK, and GrpE ( Fig. 2A ). Consistently about a 2-fold lower concentration of CbpA than DnaJ was required for maximal activation. Unlike activation by DnaJ and DnaK, activation by CbpA and DnaK required GrpE with the assay conditions utilized (Fig. 2, A and B) . These results show that CbpA possesses DnaJ-like co-chaperone activity in vitro.
The co-expression of CbpA and CbpM suggested that there might also be functional linkage between the two proteins. We included CbpM in the RepA activation assay to see if it would affect CbpA co-chaperone activity. When increasing amounts of CbpM were added to the reaction mixtures with CbpA, DnaK, and GrpE, activation was significantly inhibited (Fig. 2C) . No inhibition was seen when CbpM was added to activation reaction mixtures with DnaJ, DnaK, and GrpE (Fig. 2C) . Importantly, addition of CbpM to CbpA reaction mixtures after RepA activation had no effect on RepA DNA binding (Fig. 2D ). These data demonstrate that CbpM specifically inhibits the co-chaperone activity of CbpA while not inhibiting the co-chaperone activity of DnaJ.
CbpA Interaction with RepA-We previously showed that an intermediate in the RepA activation reaction is a RepA-DnaJ complex containing a dimer each of RepA and DnaJ (16) . To determine whether CbpA also formed stable complexes with RepA, size exclusion chromatography was performed. Chromatographed independently, RepA and CbpA eluted as expected for a RepA dimer (64.4 kDa) and CbpA dimer (68.8 kDa), respectively (Fig. 3) . When RepA and CbpA were incubated together prior to gel filtration, the apparent molecular mass shifted to ϳ150 kDa, suggesting that RepA-CbpA complexes formed, likely containing a dimer of each protein (Fig. 3) . These observations imply that, as seen with DnaJ, CbpA binds native substrates and targets them for recognition by DnaK.
CbpA Prevents Protein Aggregation in a Reaction Requiring DnaK, and CbpM Inhibits This Co-chaperone Activity-DnaJ, independent of DnaK, possesses autonomous in vitro chaperone activity, as measured by prevention of aggregation of denatured proteins (23) . To determine whether CbpA was a functional homolog of DnaJ in this aspect as well, rhodanese aggregation assays were performed. Rhodanese, denatured in guanidine HCl, was diluted into mixtures containing DnaJ or CbpA and light scattering was monitored as a measure of aggregation. DnaJ (0.6 M), in the absence of DnaK and ATP, prevented protein aggregation (Ref. 23 ; Fig. 4B ). CbpA, however, was not able to prevent protein aggregation at concentrations between 0.6 and 6 M (Fig. 4A and data not shown) . Consistently, CbpA caused a 20 -30% increase in rhodanesedependent light scattering.
We then asked whether CbpA acts synergistically with DnaK to prevent protein aggregation. When lower concentrations (20 nM) of CbpA (Fig. 4C) or DnaJ ( Fig. 4D ; Ref. 23) were assayed in the presence of DnaK and ATP, both CbpA and DnaJ exhibited co-chaperone activity in preventing protein aggregation. With the conditions used, DnaK alone did not prevent aggregation but required in addition CbpA or DnaJ and ATP (Fig. 4, C  and D) . Substitution of ADP for ATP failed to prevent aggregation (data not shown). GrpE was not required for inhibition of aggregation by DnaK in conjunction with either CbpA or DnaJ.
When rhodanese was diluted into reaction mixtures containing CbpA, DnaK, and CbpM, rhodanase aggregated (Fig. 4E) . CbpM had no effect on the ability of DnaJ to prevent protein aggregation (Fig. 4F) . Taken together, these data demonstrate that CbpA can function as a co-chaperone with DnaK to prevent the aggregation of denatured protein and that CbpM specifically inhibits CbpA co-chaperone activity.
DNA Binding by CbpA and Inhibition by CbpM-To further test the functional connection between CbpA and CbpM, we examined the effect of CbpM on the DNA binding activity of CbpA. In assays utilizing radiolabeled plasmid DNA, CbpA bound non-specifically to DNA (Fig. 5A) . Under the same assay conditions, CbpM failed to bind DNA (Fig. 5B) . However, when CbpM was added to DNA binding assays with CbpA, DNA binding by CbpA was inhibited (Fig. 5C ). When CbpA was first incubated with DNA and then 10 min later CbpM was added, DNA binding by CbpA was similarly inhibited (Fig. 5C ). To determine whether the DNA binding inhibition by CbpM was specific for CbpA, the effect of CbpM on DNA binding by several other DNA-binding proteins was tested. CbpM had no effect on the nonspecific DNA binding activity of HU and H-NS or on the weak DNA binding activity of DnaJ (Fig. 5D ). These data suggest that CbpM is a specific inhibitor of CbpA DNA binding activity.
The Co-chaperone Function of CbpA Is Not Active When CbpA Is Bound to DNA-Knowing that CbpA has two activities, DNA binding and DnaJ-like co-chaperone activity, we wanted to know whether participation in one activity precluded participation in the other. To examine this, increasing concentrations of plasmid DNA, which did not contain RepA binding sites, were added to RepA activation reactions containing either CbpA or DnaJ in combination with DnaK and GrpE. The addition of plasmid DNA inhibited the co-chaperone function of CbpA about 90% but had no significant effect on that of DnaJ ( Fig. 6 ). This result suggests that when CbpA is bound to DNA, the substrate-binding site or DnaK-binding site is occluded.
Interaction of CbpA and CbpM-The specific inhibition of CbpA co-chaperone and DNA binding activities by CbpM suggested that the two proteins interact. To determine whether there was a physical interaction, radiolabeled proteins were subjected to size exclusion chromatography. [ 3 H]CbpA alone eluted with an apparent molecular mass of about 67 kDa, consistent with the existence of the native protein as a homodimer (Fig. 7A) (10) . [ 3 H]CbpM, an 11.4-kDa protein, eluted as a broad peak in the range expected for proteins of 15-60 kDa (Fig. 7B) , suggesting that CbpM may exist in multiple oligomeric forms. To analyze complex formation between CbpA and CbpM, [ 3 H]CbpA was incubated with CbpM, and the mixture was applied to the column. The labeled CbpA in the mixture again eluted as expected for a protein of about 67 kDa (Fig. 7C) . However, when [ 3 H]CbpM was incubated with CbpA and then subjected to gel filtration, the [ 3 H]CbpM now eluted earlier, as expected for a protein of about 67 kDa (Fig. 7D ). These data suggest that CbpA and CbpM form a complex in vitro.
To confirm the formation of a CbpA-CbpM complex, native-PAGE was utilized. When electrophoresed independently, CbpA and CbpM formed well separated, unique species (Fig.  8A, lanes 1 and 2) . When the two proteins were incubated together prior to native-PAGE, a new protein species appeared and the CbpA and CbpM bands diminished, suggesting that the proteins formed a complex (Fig. 8A, lane 3) . The protein bands were excised, eluted, and subjected to SDS-PAGE. This revealed that the new protein species evident in the native acrylamide gel contained both CbpA and CbpM (Fig. 8B, lane 3) . Additionally, amino acid sequencing of the N-terminal six amino acids of the excised complex demonstrated the presence of both CbpA and CbpM sequences in the mixture.
We performed chemical cross-linking experiments to ascertain the stoichiometry of the CbpA-CbpM complex. Bis(sulfosuccinimidyl) suberate (Pierce) was used to cross-link CbpA alone, CbpM alone, and complexes of CbpA and CbpM. The cross-linked proteins were separated by SDS-PAGE and then analyzed. Cross-linked CbpA migrated with an apparent molecular mass of 63 kDa, while untreated CbpA migrated as expected for a 35-kDa protein, providing further evidence that CbpA exists as a dimer (Fig. 9A, lanes 2 and 3) . The majority of CbpM in both bis(sulfosuccinimidyl) suberate-treated and untreated samples migrated in this gel system with an apparent molecular mass of 8 kDa, close to the calculated monomeric mass (Fig. 9A, lanes 4 and 5) . However, a minor species with an apparent mass of 27 kDa was also present in cross-linked CbpM. Cross-linking of mixtures of CbpA that had been preincubated with CbpM resulted in the formation of a novel protein species in the gel that migrated with an apparent molecular mass of 48 kDa (Fig. 9A, lane 6) . To determine the composition of the new protein species, the band was excised, eluted, and electrophoresed again. Separate immunoblots with specific anti-CbpA and anti-CbpM antibodies confirmed that the 48-kDa species was a complex of CbpA and CbpM (Fig. 9B) . The molecular mass of this complex is most consistent with a 1:1 stoichiometry of CbpA (34.4 kDa) to CbpM (11.4 kDa), but it is possible the complex contains a 1:2 ratio of CbpA:CbpM. Together with the data from native-PAGE and size exclusion chromatography, these results demonstrate that CbpA and CbpM form a complex in solution. Because of the finding of Motohashi et al. (20) that DnaJ Tth , DnaK Tth , and DafA Tth form a stable complex containing a trimer of each component, we looked for ternary complexes of CbpA, DnaK, and CbpM. We were unable to detect stable association of CbpA, DnaK, and CbpM as analyzed by native-PAGE, chemical cross-linking, co-immunoprecipitation, and gel filtration at several different protein concentrations with or without ATP.
DISCUSSION
Our data demonstrate that CbpA possesses in vitro co-chaperone activity in conjunction with DnaK and that the mechanism of action appears to be very similar to that of DnaJ. CbpA functioned with DnaK to prevent protein aggregation, as did DnaJ. Additionally, CbpA participated in the activation of RepA by forming a complex with RepA and then targeting it for remodeling by DnaK. Interestingly, there were differences between the activities of CbpA and DnaJ. CbpA, unlike DnaJ, does not possess autonomous chaperone activity in the prevention of denatured protein aggregation. This finding is consistent with the observation that other class II DnaJ A, CbpA and CbpM were dialyzed against 20 mM Hepes, pH 7.5, 100 mM NaCl, 0.1 mM EDTA, 10% glycerol (v/v), 10 mM MgOAc, and 1 mM DTT. Reaction mixtures (10 l) containing 6.0 M CbpA, 16.8 M CbpM, and 1 mM bis(sulfosuccinimidyl) suberate, as indicated, in 20 mM Hepes, pH 7.5, and 100 mM NaCl were incubated 15 min at 24°C. The reactions were quenched with 2.5 l of 1 M Tris-HCl, pH 7.5, and the samples were subjected to SDS-PAGE. Protein bands were detected following staining with Coomassie Blue. Molecular weight markers are in lane 1. B, the 48-kDa protein species in lane 6 of A (labeled with an asterisk) was cut out from an unstained gel, eluted, and analyzed by SDS-PAGE. Western blotting was performed as described under ''Experimental Procedures'' using CbpA-and CbpM-specific rabbit antiserums.
homologs do not interact with unfolded proteins independent of DnaK/Hsp70. Another difference between DnaJ and CbpA co-chaperone functions is that activation of RepA by CbpA and DnaK depended on GrpE but activation by DnaJ and DnaK did not.
A unique aspect of CbpA is its interaction with CbpM, a protein whose gene lies downstream of cbpA, within the same operon. CbpM shares homology with proteins encoded by genes located downstream of dnaJ-like genes in a range of diverse bacteria. The conserved grouping of these two genes suggested that they may act together. We isolated CbpM and discovered that CbpM specifically inhibited both the co-chaperone activity and the DNA binding activity of CbpA. Further analysis revealed that CbpM formed a complex with CbpA that likely contained a monomer of CbpA and one or two monomers of CbpM. Complexes of CbpA, DnaK, and CbpM were not detected nor were complexes of CbpM and DnaK or CbpA and DnaK. However, since CbpA and DnaK act together, there must be transient interactions between CbpA and DnaK, as there are between DnaJ and DnaK. In contrast to our results with E. coli proteins, Motohashi et al. (20) observed that T. thermophilus DafA is required for the assembly of DnaK Tth and DnaJ Tth into 300-kDa trigonal ring particles containing three monomers of each protein.
Our current working model is that when CbpA is in a complex with CbpM, it is prevented from participating in protein remodeling with DnaK and from binding DNA. During certain growth or stress conditions, CbpA would be released from CbpM and activated to bind DNA. In addition, free CbpA would be recruited by DnaK to function as a co-chaperone. Although it is not known how CbpA is released from the inhibitory complex with CbpM and thereby activated, it is possible that CbpM is specifically inactivated or degraded as a result of the conditions that elicit the need for CbpA. The observations that both cbpA and cbpM share a single S -dependent promoter and that both proteins accumulate during late stationary-phase growth suggest that cbpA and cbpM are not differentially regulated at the level of transcription or translation. This implies that some environmental signal or other stimulus is responsible for the post-translational regulation of the inhibitory function of CbpM, which modulates the activity of CbpA.
Together, CbpA and CbpM are an interesting pair of proteins with the ability to activate and modulate the DnaK chaperone system, respectively. The in vivo role of CbpA remains unknown. Further work is required to elucidate the physiological role of CbpA both as a chaperone and as a DNA-binding protein and to reveal the mechanism of regulation of CbpA by CbpM.
